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We investigate the production rate for hard real photons 
and the collisional energy loss in the quark-gluon plasma away 
from chemical equilibrium. Applying the Hard-Thermal-Loop 
resummation scheme away from equilibrium, we can show 
that Landau damping provides dynamical screening for both 
fermion and boson exchange present in the two quantities. 



I. INTRODUCTION 

Considerable effort is being made to experimentally 
realize a new deconfinement phase of hadronic matter, 
the quark-gluon plasma, in ultra-relativistic heavy ion 
collisions. In parallel important progress has also been 
made in the theoretical understanding of this phase which 
is central for the experimental detection to be success- 
ful. For an equilibrated system in particular the Hard- 
Thermal-Loop (HTL) resummation scheme Jl]-[| allows 
to take consistently into account collective effects on the 
soft scale within (resummed) perturbation theory Q . A 
number of important quantities, with unscreened mass 
singularities preventing any prediction within a fixed or- 
der perturbative calculation, can be obtained consistently 
in this scheme. 

It has been realized that a valid comparison of the- 
oretical predictions with experimental data should in- 
clude non-equilibrium effects beyond the simplified as- 
sumption of thermal equilibrium, because a fully equili- 
brated plasma might not be realized. In this work we 
therefore explore the role of collective soft scale phenom- 
ena away from equilibrium and the generalization of the 
HTL resummation scheme. This will be done on the 
relevant examples of hard photon production |p[-pl| and 
the collisional energy loss |L2|-|l4| which are known to be 
sensitive to soft scale physics. The following discussion 
is based on iL^JlQl where further details can be found. 
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II. APPROXIMATION SCHEME: CHEMICAL 
NON-EQUILIBRIUM 

Our analysis assumes the scenario of chemical non- 
equilibrium that has been found to be a relevant, 
tractable approximation to the pre-equilibrium dynam- 
ics in heavy ion collisions |l7|-|20|]. It is inspired from 
an analysis of the equilibration process in a heavy ion 
collision where the elastic momentum exchange is found 
to be much more effective than the inelastic particle pro- 
duction. While local thermal equilibrium might therefore 
be quickly established the parton densities are predicted 
to stay away from equilibrium through to the hadroniza- 
tion of the plasma [18| . Thereby the undersaturation of 
quarks will be especially dramatic as has been formu- 
lated in the hot-glue scenario |17|. Following jL8| and 
as in |l^,^lj we parameterize this scenario in terms of 
factorized fugacities inserted into the distributions which 
are assumed to be equilibrated in momentum space 



h(X,p) = 
n(X,p) = 



Pa>0 
Po<0 



X q (X)n F (\p \), 
1 - X q n F (\p \), 

\ g (X)n B (\po\), Pa > 
-[l + X g (X)n B (\p Q \)}, 



p Q < 0. 



(1) 



We do not attempt to investigate the microscopic non- 
equilibrium evolution of the distribution functions in the 
quark-gluon plasma, the evolution of the fugacities X(X) 
on the large scale X of inelastic processes is taken as 
input e.g. from [Q. On this background we calculate 
the emission and absorbtion rates for probes external to 
the plasma such as electromagnetic rates and the colli- 
sional energy loss of a projectile. For the description of 
the dynamics we rely on the Closed-Time-Path formu- 
lation of statistical field theory ]22| , |23| ]. The simplified 
scenario of chemical non-equilibrium allows for the stan- 
dard approximation scheme of neglecting any but the sec- 
ond order non-equilibrium correlations and performing a 
gradient expansion ]23|-|26[], here in terms of the large 
scale X ~ l/g 4 T of the inelastic particle production. 
Scales fast with respect to this, in particular both the 
hard (~ 1/T) and soft (~ 1/gT), g < 1, scales involved 
in the HTL resummation scheme, can be transformed to 
momentum space. To lowest order in the gradients a 
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perturbative expansion can be set up very similar to the 
equilibrium case with free in medium propagators de- 
pending on the modified distributions Eq. (l|). In terms 
of Wigner variables (X, p) : 



iD 21 = 27re( Po )S(p 2 )(l+n(X, Po )), 
iS 21 {X,p) = P2ttS{ p 2 )s{po)(1 - n(X,p )). 



(2) 



Predictions for absorption and emission rates as calcu- 
lated in this approximation scheme will incorporate the 
dependence on X(X) locally. As in the equilibrium sit- 
uation, finite results for the real hard photon spectrum 
and the collisional energy loss can be expected only af- 
ter resummation of leading HTL corrections. Away from 
equilibrium taking higher order corrections into account 
brings about additional terms in the perturbative ex- 
pansion [^7],^8| which vanish due to detailed balance in 
the equilibrium situation. A careful analysis is there- 
fore required in order to demonstrate that Landau damp- 
ing provides dynamical screening of the singularities also 
away from equilibrium. 



III. SOFT FERMION EXCHANGE IN HARD 
PHOTON PRODUCTION 

The production of hard real photons to lowest order 
arises from annihilation and Compton scattering. The 
rate can be obtained form the absorptive part of the two- 
loop approximation to the photon selfenergy as shown in 
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FIG. 1. Diagrams contributing to hard real photon produc- 
tion in fixed leading order for hard exchanged momentum (a) 
and in HTL-resummed perturbation theory for soft exchanged 
momentum (b). The parameter k c , separating hard and soft 
scales is introduced in intermediate steps of the calculation 

n 

The exchange of a massless quark in these processes in- 
duces a logarithmic mass singularity when calculating to 
fixed lowest order, Fig. ^(a). In equilibrium a solution 
to this problem is found within the HTL resummation 
scheme that accounts for the fact that for soft exchanged 
momentum the dispersion of the exchanged particle is 
modified by leading interaction effects. Within the re- 
summed theory in particular Landau damping effects are 
included that dynamically screen the singularity on the 



soft scale m q ~ gT pro]. Away from equilibrium, in 



leading order of the gradient expansion, the resummed 
fermion propagator can be written 



S* X2 {p) = -n(X,p Q )( 



1 



1 



+h(X, p )T, 2 i 



i> - E fl + iep Q p - S* 
[(l-n(A,p ))E 12 
1 



ispo 



P ~ s a _ i£ Po ' 



(3) 



with a first term having the structure of the equilibrium 
expression and a second term being nonzero only when 
detailed balance is violated, E12 7^ — e _p °/ T E 2 i. Two 
remarks have to be added about the modified structure 
of the propagator, Eq. (Q). First we find that the non- 
equilibrium modification of the dispersion as defined by 
the pole of the retarded propagator in the first term of 
Eq. (||) can be absorbed into a redefinition of the soft 
scale parameter used in the equilibrium situation 



2 fOC 

i-^C F / EdE(n(X, E ) + h{X, E)) 
27r Jo 



g2T2 r fx + A « 



(4) 



This arises, because, as in the equilibrium analysis, the 
leading HTL contribution to the one loop selfenergy is 
found to be proportional to the radial integral used in the 
definition Eq. (J4J) that contains the only A-dependence in- 
volved. Secondly, in order to discuss the role of the extra 
contribution to the propagator Eq. (^|) it is convenient to 
decompose the expression in square brackets 



(1 - n(X,p ))T,i2 + n(A,p )E 2 i 
= (l-2n(X,p ))S- + E+ 



(5) 



into a contribution from £ = ^(E 12 — E 21 ) = ilmSjj 
plus a remainder E + = i (£i 2 + E 2 i). In the fermionic 
case the contribution from £ + is found to be suppressed 
with respect to the dominant HTL scale g 2 T 2 as set by 
£~, Eq. (^). From an explicit calculation 



£+(X,p) ~ p RE-{X,p) « E- 
Jfdkk &n(k)(l+2n(k)) 



R 



r o °° dk k [n(k) + h(k)] 



1 

T" 



(6) 



for soft po ~ gT. Within the HTL resummation scheme 
E + can therefore be neglected in the resummed propa- 
gator Eq. (pi) and with 



2E — Efl — Ea — S'X — Sr 
the remaining terms are rearranged into 
SvAhtl - -™( x >Po) (Sr ~ S* A ) 

-(±-n(X,p ))S* R [2Z-]S* A 



(7) 



(8) 
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Given the close analogy of this effective resummed prop- 
agator with the equilibrium expression, the remaining 
steps are performed in parallel with the equilibrium cal- 
culation |5|6|] taking only the modified dispersion into 
account. We find the rate for hard photon production 
to depend on the modified scale parameter Eq. (Q) that 
enters as a prefactor and screens the logarithmic singu- 
larity: 

dR _ ^ T 2 -E-JT 



(A 9 



A, 



*)ln 



2E 1 T 
m 2 q {X q ,\g) 



-—^C{E 1 ,T, X q , X g ) 



(9) 



where the nonsingular contribution C(i? 7 , T, X q , X g ) has 
been calculated explicitly in Jl^ |. 

The result Eq. (0) is independent of the separating 
scale k c introduced in intermediate steps of the calcula- 
tion by matching the soft partial result with the result 
from a fixed order calculation for hard exchanged momen- 
tum. In this context it is important to point out that no 
additional singularities are showing up away from equi- 
librium although at one loop order the extra term in the 
fermion propagator analogous to Eq. (^) is pinch singu- 
lar on the mass shell ^7j. The important observation is 
that for hard real photon production the singular config- 
uration lies only on the boundary of the available phase 
space that is restricted to spacelike momentum exchange. 
The effective propagator for the hard quark exchange to 
be used in the upper part of Fig. |l|(a) follows from Eq. (||) 
in the one loop approximation, 



£>Sl2 (p)| 



-ki - 



(p 2 ) 2 



(10) 



There remains no explicit dependence on the distribution 
h(X,po). A mass singularity is induced, which, how- 
ever, is dynamically screened upon matching with the 
contribution from the soft exchange with the propagator 
Eq. (|). 



IV. SOFT (GAUGE) BOSON EXCHANGE - 
COLLISIONAL ENERGY LOSS 

The collisional energy loss of a propagating heavy 
fermion with mass M fl^Jlill , which is not thermalized, is 
obtained from the absorptive part of the fermion selfen- 
ergy, i.e. from its 21-component [Q. The corresponding 
diagrams are shown in Fig. ||. To lowest order the loss 
arises from the elastic interaction with the medium con- 
stituents via the exchange of one gauge boson, Fig. |](a); 
again mass singularities are known to arise for massless 
photon/gluon exchange. 

It is important to recall that the energy loss is obtained 
form these diagrams only upon weighting the loop inte- 
gration with one extra power of the energy exchanged: 



dE 1 

— = Tr\(6 

dx AE [yV 



e 

4B 



+ M)i£' 21 (X,q)} 
d 3 p f dp p 



(2tt)4 



xTr[(^ + M) 7 „iS 1 i 2 = u ( P - qft u ]iD%(X,p). (11) 

The extra power of pa/v distinguishes dE/dx from the 
interaction/damping rate and makes it well defined in 
equilibrium within the resummed theory. 
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FIG. 2. Diagrams contributing to the collisional energy loss 
in fixed leading order for hard exchanged momentum (a) and 
in HTL- resummed perturbation theory for soft exchanged mo- 
mentum (b). 

Away from equilibrium the resummed propagator for 
soft gauge boson-exchange has a modified structure simi- 
lar to the fermion propagator |]30|] ; longitudinal and trans- 
verse components in Coulomb gauge read 



D 2 *r =(l + n(X,p ))(D^' -D% 



*L/T\ 



D* D L/T [n(X,p )U^ T - (1 + n(X,po))U 



L/T \ n 

12 J U A 



The discussion follows the lines of Sec. [II. The modifi- 



cations of the dispersion relation in HTL approximation 
can again be absorbed into a redefinition of the plasma 
frequency according to 



e 2 T 2 



m 2 



4e 2 [°° 

— ■? I dkkfi(X,k) = A/? 
3tt Jo 



(12) 

in QED. For the role of the extra term however an im- 
portant difference with the fermionic case arises. In the 
bosonic case the contribution from II + = |(IIi2 + II21) 
is found to dominate over n~ = 2-(n 12 — n 2 i) = ilmllji 
for both longitudinal and transverse components «□] 



-IT = 



1 

Po 



r n: 



r _ f °°dkk 2 ma-m) _ T 

J °° dkkh(k) 



(13) 



and therefore cannot be neglected in general. However, 
both contributions have a symmetry under po — » — po, 
while n~ is odd, n + is even. Given the additional power 
of po present in the energy loss rate the contribution of 
n + therefore integrates to zero in this special case as 



dp Q p Q U + {X, Po ) -0. 



(14) 
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As a result the dominant contribution to dE/dx comes 
from I! - and the corresponding terms in the resummcd 
propagator rearrange into 



n* L/T I 

^21 \dE/dx 



1 



*L/T jj*L/T\ 



in dE/dx, 

(15) 



which is similar in structure to the equilibrium expres- 
sion and allows to perform the remaining steps as in [fl3[ . 
As for hard photon production no additional (pinch) sin- 
gularities arise away from equilibrium for spacelike mo- 
mentum exchange. For energies E <C M JT we find the 
energy loss away from equilibrium to be well defined 



dE 
dx 



3e 2 rh 2 
8irv 



1 



1 - v z 
2v 

+A(v) 



In- 



1 



1 - v 



In 



ET 
3Mm n 



(16) 



with Landau damping dynamically screening the loga- 
rithmic mass singularity. Following the calculation for 
the equilibrium case it turns out that the regular contri- 
bution A(v) does not depend on the fugacity factor A/, 
and that it is therefore the same as discussed in fll3[ . 

The generalization for a heavy quark propagating 
through a QCD-plasma is obtained [|l6| with the help 
of the expressions given in E3 , 



dE 
dx 



2 ~ ? 

9 mj 

2lTV 



1 - 

In 2 



1 - v 



2v 



V 



(1 + X q N f /6X g 



1 - 
A(v) 



In. 



ET 

SMfiln 



(17) 



introducing the QCD coupling g and the thermal gluon 
mass, including the proper quark and gluon fugacities: 
m 2 = g 2 T 2 (X g + A ? ^p)/3. Because in the QCD case 
contributions from the scatterings off quarks and gluons 
in the plasma have to be added, a dependence on X q and 
X g is found also in the regular part of Eq. (|l7]) . 



V. DISCUSSION AND CONCLUSIONS 



From the results given in Eqs. (g) and (|17j), respec- 
tively, both the hard photon production rate and the 
collisional energy loss are found to be suppressed by pow- 
ers of the fugacity in an undersaturated plasma that is 
likely to be created in a relativistic heavy ion experiment 
Taking into account the extra off-equilibrium 
term in the propagator there is no dependence in the final 
result on the distribution of the exchanged particle that 
would have introduced additional powers of fugacities. In 
the case of the photon production rate this result is es- 
pecially important phenomenologically as higher powers 
of the small quark fugacity could seriously question its 
observability. It is encouraging that both rates can be 
obtained consistently in perturbation theory away from 



equilibrium with dynamical screening occurring also for 
A / 1. We argued that no additional pinch singulari- 
ties |27| do arise in the quantities considered that involve 
spacelike momentum exchange only. The treatment given 
here however is not applicable to quantities involving on- 
shell momentum exchange as e.g. virtual photon produc- 
tion [^l]-p3[. Further progress in these cases requires to 
take consistently into account the explicit time variations 
in the distributions 34 3j| via the inclusion of gradient 
terms which could be neglected in the presented cases. 
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